Fleshy fruit evolved independently multiple times during angiosperm history. Many 24 climacteric fruits utilize the hormone ethylene to regulate ripening. The fruitENCODE 25
Many economically important fruits such as apple, banana and tomato can be harvested 46 mature but unripe, stored and treated with the plant hormone ethylene to complete the 47 ripening process. They show a concomitant increase in respiration and ethylene biosynthesis 48 upon initiation of ripening, and are referred to as climacteric fruits. Non-climacteric fruits 49 like grape and strawberry lack these features and do not require ethylene for ripening. 50 51
Fleshy fruit is a classic example of convergent evolution, and it has occurred multiple times 52
in the history of angiosperms. However, its molecular basis remained largely unknown, as 53 most of the studies have focused on a single model fruit tomato 3 . Tomato produces ethylene 54
at the onset of ripening, and disrupting ethylene biosynthesis or perception inhibits ripening 4 . 55
Besides ethylene, a series of transcription factors such as COLORLESS NON-RIPENING 56
(CNR), NON-RIPENING (NOR) and RIPENING INHIBITOR (RIN) are also required for 57 tomato fruit ripening 3,5,6 . Among them, the MADS-box transcription factor RIN is most 58 extensive studied, and its mutant alleles are widely used in commercial tomato production. 59
The MADS gene family is present in all eukaryotes and has expanded considerably in plants.
60
RIN belongs to the MIKC-clade, members of which are involved in floral organ development.
61
RIN can bind directly to the promoter of key ripening genes, such as those involved in colour 62 change, fruit softening, aroma volatile production and sugar metabolism, and is also 63 responsible for regulating ethylene biosynthesis genes such as ACO1 and ACS2 7 . 64 65
In ripening tomato fruit, ethylene biosynthesis is autocatalytic, which is historically referred 66
to as system II ethylene, to be distinguished from the self-inhibitory system I ethylene 67
production in other tissues including immature fruit 8 . The autocatalytic nature suggests that 68
there is a positive feedback loop controlling ethylene production during fruit ripening. 69
However, ethylene is a stress hormone involved in many plant developmental processes such 70
as senescence and abscission 4 . Such an autocatalytic system involving a diffusible signal 71 molecule poses a major threat to the plant itself and its neighbours, as any leakiness could 72 cause growth disruption or even tissue death. It has been shown that DNA methylation plays 73 an important role in restricting the expression of tomato ripening genes 5,7 . Their promoter 74
regions bound by RIN are demethylated during fruit development, and silencing the fruit-75 specific DNA demethylase can inhibit ripening 9 . 76 77
While tomato is still the predominant model for ripening research, many fleshy fruit genomes 78 have now been sequenced. Tomato is also the only species reported so far that expresses a 79 DNA demethylase during fruit ripening 9 , and questions arise regarding the tomato model 80
itself and whether or not it is universal. In addition, tomato has experienced whole-genome 81 duplication (WGD) ~71 Myr, and key ripening regulators including RIN and ethylene 82 biosynthesis genes ACO1 and ACS2 are paralog members of duplicated gene families 10 . 83
Hence, other species without a ripening-specific demethylase and WGD might have evolved 84 a different mechanism. 85 86
Some fruits also have unique ripening traits that are absent in tomato. For example, both 87 climacteric and non-climacteric genotypes exist in melon and pear 11, 12 . It has also been 88
suggested that banana operates an additional leaf-like self-inhibitory ethylene system I during 89 ripening, and unlike tomato, once its autocatalytic ethylene production starts, it becomes 90 ethylene-independent 13 . 91 92
It is not possible to resolve complex convergent traits in diverse taxa such as fleshy fruit 93
ripening by sequencing and comparing genomes if the convergence occurred through the 94 evolution of different genes and pathways, or if the regulatory interactions are different. To 95 tackle this, we have used an ENCODE style functional genomic approach to systematically 96 characterize the molecular circuits controlling ripening in 13 plant species. We found three 97 major circuits adopted by different plants in the evolution of climacteric fruit. Part of the 98 genes and epigenetic marks are surprisingly conserved even in dry and non-climacteric 99 species, suggesting that these different ethylene-dependent fleshy fruit ripening mechanisms 100
are evolved from existing pathways in the ancestral angiosperm's leaf and carpel tissues. 101 102
Results 103 104
The fruitENCODE data 105
Our current fruitENCODE dataset comprises seven climacteric fruit species (apple, banana, 106 melon, papaya, peach, pear and tomato), four non-climacteric species (cucumber, grape, 107 strawberry and watermelon) and two dry fruit species (Arabidopsis and rice) 108
( Supplementary Table 1 -18). We have generated 361 transcriptome profiles from their 109 leaves and fruit tissues at different developmental stages. We have also generated 66 tissue-110 specific accessibility chromatin profiles, and identified between 36,584 to 45,116 DHSs that 111 could be associated to 43.28% to 71.93% of annotated genes in each species. The cis-112 regulatory elements in the DHSs enabled us to predict and experimentally validate the 113 regulatory circuits controlling climacteric fruit ripening, and further recreate each circuit in 114 tobacco leave. In addition, we have generated 43 methylomes and 76 histone modification 115
profiles to investigate which epigenetic factors are responsible for regulating these ripening 116
circuits. All datasets can be accessed from the fruitENCODE database. 117 118
Tomato, apple and pear fruits use a MADS positive feedback loop 119
We first reconstructed the ripening regulatory circuit in the model fruit tomato that has three 120 key components: ethylene, transcription factor RIN and DNA methylation. The main features 121 of ethylene signalling are conserved in plants and signal perception by the receptors leads to 122 the stabilization of the EIN3-type transcription factors, which activate the downstream 123 genes 4 . From the open chromatin dataset, we found an EIN3 binding motif in the promoter of 124 RIN, the functional significance of which was confirmed by our EIN3 ChIP-Seq ( Fig. 1a) .
125
RIN is a MADS-box transcription factor, which functions in a multimeric complex with 126 TAGL1 that is constantly expressed during fruit development 14 . We have also performed 127
ChIP-Seq for RIN and TAGL1, and found that they can directly target the rate-limiting 128 ripening ethylene synthesis genes ACS2 and ACO1 (Fig. 1a ). In addition, our DHS and 129 methylome data showed that the EIN3 binding site in the RIN promoter is demethylated and 130 become accessible in ripening fruit tissues ( Fig. 1a) .
132
Our findings suggest that EIN3 and RIN-TAGL1 form a positive feedback loop to synthesize 133
the autocatalytic system II ethylene during tomato fruit ripening ( Fig. 1b) . In addition, 134
ripening genes are also coupled to the loop through RIN-TAGL1. Our ChIP-Seq data showed 135 that the RIN-TAGL1 targets well-known ripening genes such as EXPANSIN, PG and PL that 136 are involved in fruit softening, PSY, LOX and SuSy that are involved in colour change, aroma 137 production and sugar metabolism, respectively ( Supplementary Table 28 To test this MADS positive feedback loop, we used the tobacco leaf transient expression 142
system that has a functional ethylene signalling pathway and endogenous EIN3 and ACO 143
activities, but lacks the RIN-TAGL1 and ACS activity. When we expressed the tomato ACS2 144
and RIN under their native promoters, and TAGL1 was supplied under a constitutive 145
CaMV35S promoter, spontaneous ethylene synthesis was observed ( Fig. 1c) . Addition of 1-146 MCP, a competitive inhibitor of ethylene, or deletion of the EIN3 binding motif in the RIN 147
promoter, interrupted the positive feedback loop and prevented ethylene synthesis, 148
confirming the autocatalytic nature of the regulation of ethylene synthesis ( Fig. 1d) .
150
We Since ethylene is a stress hormone, it is vital for the plant to repress this loop in non-ripening 161 tissues and confine autocatalytic ethylene action to specific tissues or organs, such as 162 ripening fruits, abscission zones and senescing leaves. It has been shown that whole-genome 163 demethylation is required for tomato fruit ripening 7,9 . However, our RNA-Seq data showed 164 that the expression of the apple and pear demethylases is not ripening-specific, neither are the 165 demethylase of other fleshy fruits species we examined ( Supplementary Table 16 ).
167
Our methylome datasets confirmed that there is no tomato-like global demethylation event in 168 apple and pear ( Supplementary Fig 6) . Although we could identify hundreds of ripening 169 genes with promoter DMRs in all seven climacteric fruits we studied ( Supplementary Table  170 10-12), only in tomato is the master ripening regulator in the positive feedback loop, MADS-171
box RIN associated with DMR. For example, we have identified 11,911, 17,231 and 17,455 172
genes associated with promoter hypo-DMR in tomato, apple and pear, respectively, including 173 the apple PSY and PG genes, which are involved in colour change and fruit softening, 174 respectively ( Supplementary Table 12 ). But the two MADS-box transcription factor genes 175
in the apple positive feedback loops are not (Extended Data Fig. 1) . These results suggest 176 that although DNA methylation change in the promoter DHS is widespread, it might not be a 177 conserved mechanism utilized by climacteric fruits to regulate ripening genes. 178 179
However, from the histone modification datasets, we found that tomato, apple and pear have 180 the repressive histone mark H3K27me3 on their ethylene biosynthesis and MADS gene loci, 181
whereas they are removed in the ripe fruit tissues ( Fig. 1a, Extended Data Figs 1 and 2) . 182
The fruitENCODE data also includes multiple cultivars and mutants, and we found that the 183 ethylene-independent pear cultivar Dangshanshuli contains hyper-H3K27me3 in its ACS 184 locus compared to the ethylene-dependent cultivar Williams (Extended Data Fig. 2) . From 185 the tomato ripening mutant collection, we also observed that the non-ripening mutant nor 186 contains hyper-H3K27me3 in the ACS2 and RIN loci ( Supplementary Fig. 13 ). These 187
suggests that H3K27me3, instead of DNA methylation, might play a conserved role in 188
regulating the MADS type ripening positive feedback loop. 189 190
Peach, papaya and melon operate a NAC positive feedback loop 191
Tomato has a WGD ~71 Mya, while apple and pear have a common WGD ~40 Mya. These 192
plants have a similar positive feedback loop using paralog member of the duplicated SEP-193
clade MADS transcription factor family that controls floral organ development, suggesting 194 that neofunctionalization following WGD could have played a vital part in the evolution of 195 MADS-type climacteric fruit ripening (Extended Data Fig. 3 ). However, climacteric fruits 196 such as peach, papaya and some climacteric melon cultivars can also produce and require 197 autocatalytic ethylene for ripening, and did not undergo recent WGD. Their MADS direct 198 orthologs are constantly expressed during fruit development ( Supplementary Tables 23, 24  199 and 25). If they have evolved a positive feedback loop to synthesize the ripening ethylene, it 200 will require different transcription factors. 201 202
We have examined the expression pattern of the papaya, peach and melon ethylene 203 biosynthesis genes, and identified their ACS and ACO genes that are specifically expressed 204 during fruit ripening ( Supplementary Figs 14 and 15 , Supplementary Table 17 ). Also 205 from the DHS datasets, we found NAC transcription factor binding motifs in those ACS and 206 ACO gene promoters. Intriguingly, all three species have a NAC gene that has ripening-207 specific expression pattern similar to the MADS-RIN genes in tomato (Extended Data Fig. 4 , 208
Supplementary Tables 23, 24 and 25). NAC is one of the largest plant-specific transcription 209
factor families with members involved in many developmental processes such as senescence, 210 stress, cell wall formation, and embryo development. All three ripening NAC genes we 211
identified are direct orthologs of the Arabidopsis carpel senescence-related NAC transcription 212 factors NARS1/2, and are distantly related to the leaf-senescence-related AtNAP 15,16 213
(Extended Data Fig. 4 ). In addition, we have found EIN3 motif in the promoter DHSs of 214
these NAC, suggesting that instead of relying on the duplicated floral identity MADS gene, 215
plants without WGD might have evolved a positive feedback loop using the existing carpel 216
senescence NAC genes (Fig. 2) .
218
To test this, we have ectopically expressed the peach NAC (ppa007577m) and ACS 219 (ppa004774m) genes under their native promoters in tobacco leaves, and found that they are 220 capable of generating ethylene (Fig. 2b, c) . The ethylene production could be blocked by 221 treatment with inhibitor 1-MCP, suggesting that it is autocatalytic. We have also used motif 222 deletion assay to confirm that EIN3 binding to the NAC gene promoter is required for the 223 autocatalytic ethylene production. These suggest that peach operates a NAC-type positive 224 feedback loop.
226
In tomato, the downstream ripening genes are directly coupled to the positive feedback loop 227 through the MADS-box transcription factor RIN-TAGL1. To test whether it is the same for 228 plants operating this NAC-type loop, we use ChIP-Seq to identify the direct targets of the 229 peach NAC transcription factor ( Supplementary Table 25 ). Our data showed that it indeed 230
binds to the promoters of the ethylene biosynthesis genes ACS and ACO, as well as key fruit 231
ripening genes such as those involved in carotenoid pigment accumulation, volatile 232 secondary metabolite production, cell wall softening and sugar accumulation ( Fig. 2,  233 Supplementary note 7.5). The peach DNA methylation and histone modification data 234
showed that genes involved in the NAC positive feedback loop are also associated with the 235
repressive histone mark H3K27me3 in leaves and immature fruit tissues, but not in the ripe 236 fruit ( Fig. 2a ).
238
In papaya and climacteric melon cultivar Védrantais, we found the same NAC-type positive 239 feedback loops, with key genes associated with H3K27me3 in non-ripening tissues 240
(Extended Data Figs 5 and 6). We also tested their loops using the tobacco system, and 241 performed ethylene inhibitor treatment and EIN3 motif deletion to confirm that they are 242 capable of generating autocatalytic ethylene (Extended Data Figs 5 and 6).
244
Interestingly, our melon dataset includes the non-climacteric cultivar Piel de Sapo, which 245
does not require ethylene for ripening. The QTL (ETHQV6.3) responsible for the ethylene-246 independent phenotype has been mapped to a region, where its NAC gene (MELO3C016540) 247
involved in the positive feedback loop is located 17 . This gene is down-regulated in Piel de 248
Sapo ripe fruit, when compared to other cultivars, while its promoter is hypermethylated and 249 the genebody is associated hyper-H3K27me3 (Extended Data Fig. 6) . Similarly, the peach 250 NAC gene involved in the loop is also located in a previously identified QTL associated with 251 the late-ripening phenotype 18 , suggesting that ripening traits resulting from mutations in the 252 NAC-type loop might have been selected during the breeding process, similar to the 253 widespread used of MADS gene RIN mutant allele in the modern tomato cultivars. 254 255
Monocot banana operates a dual-loop system 256
Banana is also a climacteric fruit that requires autocatalytic ethylene to ripen, and has 257 experienced three recent WGD 19 . The autocatalytic ethylene production in other climacteric 258 fruits such as tomato and peach can be interrupted by the ethylene-inhibitor, a scenario that 259
we could reproduce in tobacco by ectopic expression of their MADS or NAC-type positive 260 feedback loops. However, inhibitor treatment is unable to interrupt the ethylene production in 261
banana after ripening has been initiated, indicating a transition from autocatalytic to ethylene 262 independent ripening 13 . Our data suggests that banana has two positive feedback loops, and 263 the second one is able to maintain the ethylene synthesis when the first ethylene-dependent 264 loop is blocked ( Fig. 3) . 265 266
The first banana loop is similar to the NAC-type positive feedback loop in eudicots such as 267 peach, papaya and melon. We found that the banana NAC transcription factor 268 (Ma06_t33980.1) could activate the ripening ethylene biosynthesis genes ACS 269 (Ma04_t35640.1) and ACO (Ma07_t19730.1), while its own promoter contains an EIN3 270 binding motif like peach NAC gene ( Fig. 3b, Supplementary Fig 12) . To test the first loop, 271
we ectopically expressed the banana NAC and ACS genes under their native promoters in 272 tobacco and found that they are sufficient to generate ethylene in an autocatalytic manner 273 ( Fig. 3c) . Ethylene inhibitor 1-MCP, as well as EIN3 motif deletion, could block ethylene 274
production, suggesting this is a functional NAC positive feedback loop.
276
It should be noted that this banana ripening NAC gene is a direct ortholog of the rice leaf 277 senescence transcription factor OsNAP 20 , and is distinct from the carpel senescence-related 278
NAC genes utilized by the eudicots climacteric fruits mentioned above (Extended Data Fig.  279  4) . We have examined the gene expression and histone modifications in young, matured and 280 senescence banana leaves, and found that this NAC gene is also expressed during leaf 281 senescence ( Fig. 3a , Supplementary Table 20 ). Our epigenome data showed that genes in 282 the first banana positive feedback loop are associated with similar tissue-specific H3K27me3 283 marks as those in the eudicots fruits, except that the banana NAC gene is not associated with 284
H3K27me3 in senescence leaf ( Fig. 3) .
286
Both the eudicot MADS-and NAC-type positive feedback loops are directly coupled to the 287 downstream ripening genes, which is confirmed by ChIP-Seq using tomato and peach as 288 example. Without a suitable banana NAC antibody, we have used the dual luciferase assay in 289 tobacco to confirm that the banana NAC in the positive feedback loop is capable of activating 290
downstream ripening genes such as EXPANSIN, PG, MAN and INV (Supplementary Fig.  291 12). 292 293
Interestingly, utilizing a leaf-instead of a carpel-senescence NAC in banana fruit ripening 294 poses a dilemma for the plant as some ripening genes, such as EXPANSIN, are not expressed 295 in leaf. We found that the EXPANSIN locus is associated with H3K27me3 marks in leaf, 296
suggesting that banana might rely on epigenetic factors to restrict its expression to ripening 297 fruit tissues (Fig 3a) . In contrast, we did not observe Fig. 3) . The expression MADS1/2/5 genes could be detected in both immature and 306
ripening fruits, and they are only associated with H3K27me3 in the leaf tissue ( Fig. 3a) . We 307 found a NAC motif in the banana MADS1 gene promoter and a MADS motif in the NAC 308
promoter, suggesting that they could form a second positive feedback loop to bypass the first 309 loop that is ethylene dependent (Fig. 3b) . 310 311
To test the second loop, we first used the tobacco system to show that the first NAC loop 312 could be blocked by either inhibitor 1-MCP treatment or EIN3 motif deletion (Fig. 3c) .
313
Adding a second loop with MADS1 driven by its native promoter and MADS2/5 with the 314 constitutive 35S promoter enabled the tobacco leaves to synthesize 98% more ethylene 315
(p=2.91x10 -5 ) ( Fig. 3d) . Most importantly, ethylene inhibitor 1-MCP was unable to block the 316 ethylene production when the second loop was present, mimicking the behaviour of the 317 ripening banana fruit. We have also confirmed that the second loop is dependent on the 318
interaction of the NAC and MADS1 genes by deleting the NAC motif in the promoter of 319 MADS1, as well as deleting the MADS motif in the NAC promoter ( Fig. 3d) . Taken together, 320
our results showed that banana fruit ripening is controlled by a dual positive feedback loop 321 that consists of both NAC and MADS genes. These banana NAC and MADS genes are also 322 associated with tissue-specific H3K27me3 marks. But they are of a different evolutionary 323 origin compared to the NAC and MADS genes used by other eudicot climacteric fruits. 324 325
Direct orthologs of the ripening genes in non-climacteric and dry fruit species 326
To investigate the possible evolutionary origin of these three types of ripening circuits, we 327
have examined four non-climacteric fruits (cucumber, grape, strawberry and watermelon). 328
None of them have recent WGD. These species have direct orthologs of the carpel 329
senescence NAC with H3K27me3 modification change and a ripening-specific gene 330
expression pattern similar to those in the NAC-type climacteric fruit peach, papaya and 331 melon ( Fig. 4a , Extended Data Figs 7 to 10). However, their NAC genes either lack the 332 EIN3 motif in their promoter DHS, or the NAC motif is absent from their ethylene 333 biosynthesis genes, both factors which would preclude participation in a positive ethylene 334 feedback loop. We have also examined their MADS genes that are direct orthologs of the 335 tomato RIN, and found that they are expressed in fruits, and are associated with H3K27me3 336 marks in leaves. 337 338
Strawberry appears to be an exception. It possesses all the required cis-regulatory elements in 339
its NAC (mrna31150.1) and ethylene biosynthesis gene ACS (mrna11391.1) to form a 340 positive feedback loop (Supplementary Fig. 16 ). Its ethylene biosynthesis gene ACS, 341
however, is constantly repressed by H3K27me3 during fruit development and ripening 342
(Extended Data Fig. 9 ), again hinting the important roles of the cis-regulatory elements and 343 epigenetic marks in evolving climacteric fruit ripening. 344 345
The dry fruit-bearing plant Arabidopsis also has direct orthologs of the NAC and MADS 346
genes that are involved in climacteric fruit ripening. We have examined their H3K27me3 347 levels in Arabidopsis leaves, carpel and senescence silique, which is the equivalent tissue of a 348
ripening fruit (Fig. 4b) . We found its NAC gene (AT3G15510.1) showed reduced H3K27me3 349 level during silique senescence, while the MADS gene SEP4 (AT2G03710.1) was also 350 associated with tissue-specific H3K27me3. 351
352
The unique dual-loop system used by banana utilizes a direct ortholog of the rice leaf-353
senescence OsNAP gene. We have profiled the gene expression and histone modification in 354 young and senescence rice leaves, as well as its carpel tissues. Our data confirmed that the 355
OsNAP gene is expressed in the senescing leaves, and is associated with H3K27me3 in the 356 young leaves and carpel, but not in the senescence leaves (Fig. 4c) .
358
Taken together, our finding showed that other eudicot and monocot plants have direct 359 orthologs of the climacteric fruit ripening genes. These genes are involved in leaf senescence, 360
carpel senescence or floral development, and are associated with tissue-specific H3K27me3 361
marks. As fleshy fruits are believed to have evolved independently in multiple angiosperm 362
lineages, this could suggest that climacteric fruit ripening could have evolved from existing 363 mechanisms controlling leaf and floral tissue gene expression. 364 365
Discussion 366
The data from the fruitENCODE project shows that there are three major evolutionary paths 367
of the regulatory circuits that govern climacteric fruit ripening (Fig. 5) . It is common that 368 different species often evolve similar features when exposed to the same selection pressure. 369
However, the probability of complex traits such as climacteric fruit ripening originating 370
multiple times through similar trajectories should be very small, unless there is strong 371 constraint. Hence, it might not be a coincidence that the four eudicot climacteric fruits 372 without recent WGD evolved a NAC-type ripening circuit that can be traced back to carpel 373 senescence, while those with WGD could utilize the duplicated floral identity genes. We 374
hypothesize that using the existing carpel senescence pathway, acquisition of cis-regulatory 375 elements in the ethylene biosynthesis genes to complete a positive feedback loop and finally 376
evolve cis-regulatory elements in the downstream ripening genes, which enabled them to be 377
coupled to the loop, could be one of the simplest paths to achieve climacteric fruit ripening. 378
Our findings also suggest that the evolution of climacteric fruit ripening was constrained by 379 the limited set of suitable signalling molecules, genetic or epigenetic building blocks 380 available in the carpel tissues, and WGD provided new resources for plants to circumvent this 381 limit.
383
The fruitENCODE data also enabled us to systematically compare the epigenetic changes 384 associated ripening in seven climacteric plants. Our data shows widespread promoter DNA 385 methylation and DHS changes, as well as genebody H3K27me3 changes ( Supplementary  386  Tables 11 and 15 ). For example, 17231, 1759 and 630 apple genes are associated with hypo-387 DMR, tissue-specific DHS and hypo-H3K27me3 in the ripe fruit tissue, respectively. 388
However, these DNA methylation and DHS changes are not always conserved across species. 389
For example, the tomato CNR gene promoter is associated with two well-characterized 390
DMRs and tissue-specific DHS 5 , while they are absent in other species. In addition, for plants 391
that operate a NAC-type positive feedback loop, only the NAC gene in peach is associated 392
with promoter DMR and DHS changes (Fig. 2) . However, the H3K27me3 changes in the 393 ripening ethylene biosynthesis genes, as well as the ripening NAC and MADS transcription 394 factor genes are highly conserved, and their direct orthologs in Arabidopsis and rice also 395 carry similar tissue-specific H3K27me3 marks, suggesting that the ripening epigenetic 396 changes could be originated from existing mechanisms in the ancestral dry fruit species. 397 398
Angiosperms became abundant toward end of Cretaceous (~65 Mya). There have been many 399 evolutionary transitions from an ancestral dry fruit to fleshy fruit during this period. It is 400 difficult to trace when these diverse fleshy fruit ripening mechanisms evolved. A common 401 triplication occurred ~71 Mya in the Solanaceae family that includes the climacteric fruit 402 tomato and non-climacteric fruit potato. This suggests that tomato is likely to have acquired 403 its ripening MADS loop after the tomato-potato split. Apple and pear shared a recent WGD 404 event ~40 Mya, and their ripening MADS, ACS and ACO genes are direct orthologs, which 405 differ from the tomato ones (Extended Data Fig. 3, Supplementary Figs 14 and 15) , 406
suggesting they have a common ancestor that bore climacteric fruit. Future study of the 407 ripening regulatory circuits in wild species as well as the relatives of the domesticated crops 408 might shed light on the evolutionary origin of their ripening circuits, and how the non-409 climacteric fruits make use of their NAC and duplicated MADS genes. 410 411
Banana is a monocot that has diverged from eudicots over 100 Mya. The ripening regulatory 412 system in banana is the most complex, but it is the only monocot fruit with high quality 413
genome that we have examined so far. It has experienced three WGDs, and utilizes a leaf-414
senescence NAC transcription factor, as well as three MADS-box transcription factors to 415 complete the dual-loop system. However, further study in additional monocot species is 416 required to fully understand how they evolved fleshy fruit ripening. 417 418
Ethylene is a stress hormone often involved in tissue senescence and is a gaseous molecule 419 that can easily diffuse. Both attributes make it ideal as the signal controlling fruit ripening in 420 climacteric fruits. However, much less is known about the regulatory mechanisms in non-421 climacteric fruits. Study of additional non-climacteric cultivars and mutants and comparison 422
with their climacteric counterparts could provide a new perspective to reassess how non-423 climacteric ripening is regulated. Many plant hormones have been implicated in fleshy fruit 424 ripening 23 . We do observe ripening-associated expression of the ABA biosynthesis genes, 425
particularly in the non-climacteric melon cultivar PI 161375 ( Supplementary Fig. 23) , 426 which is perhaps not surprising as ABA is also associated with stress and involved in 427 senescence.
429
The fruitENCODE project has generated a comprehensive dataset for eleven fleshy fruit 430 species, which opens the door for addressing some important problems in agricultural 431
practices. For example, post-harvest loss is a major concern for horticulture produce 432 worldwide, especially in developing countries and persists even in modern developed food 433 supply chains. However, improvement in shelf life through manipulation of ethylene often 434 leads to undesirable reduction in fruit quality, which is expected as the downstream ripening 435
genes affecting quality are tightly coupled to the autocatalytic ethylene loop. With a 436 comprehensive annotation of the cis-regulatory elements, and much improved understanding 437 of their ripening regulators, it is possible to engineer specific genes to combat post-harvest 438 losses while retaining or improving quality. 439 patterns of ripening in climacteric and non-climacteric fruit and the ubiquity of 480 ethylene-An overview. J. Food Sci. H3K27me3 levels in leaves, immature and ripe fruit tissues are shown. For rice 592 genes, the data from young leaves, senescence leaves and ovary tissues are used. 593
For Arabidopsis, young leaves, young carpel and senescence silique data is shown. 594
Red: climacteric fruit ripening genes; green: non-climacteric fruit; purple: dry fruit. In non-climacteric fruit cucumber, the carpel senescence related NAC gene is also 629 associated with tissue-specific H3K27me3. Additional members in the NAC, ACS 630
and ACO families are shown in the supplementary figures. The NAC genes is associated with tissue-specific H3K27me3. 
RNA H3K27m3
L 
